INTRODUCTION
Pulsed eddy current and swept-frequency techniques have both been previously applied to thickness measurement and conductivity profiling of Iayered metallic samples. Methods of inverting measured signals for thickness measurements and conductivity profiling, in both cases, typically involve iterating with a forward-model until the measured signal value is reached. These inversion methods are extremely time consuming due to the iterative approach. More recently, fast, feature-based methods for conductivity and thickness estimation have been reported. However, these methods invo!ve manually constructing a comprehensive Iook-up table.
In this paper, we describe a neural network (NN) based inversion for addressing this problem. The NN method eliminates the speed disadvantage of the iterative forward-model-based inversion, while still retaining the concept of iterative error minimization (during a training phase). Computing the weights of the neural network is akin to an automated construction of a comprehens1ve look-up table. hence eliminating the disadvantage associated wlth feature-based methods. This paper presents results of thickness measurements and conductivity profiling for layered metallic samples with data from pulsed eddy current and swept-frequency measurements.
NDE METHODS FOR CONDUCTIVITY PROFILING
The interaction of an AC magnetic field w1th a conductive sample provides information about the conductivity of the sample within about one skin depth from the sample surface. Since skin depth in a given meta! is a function of the operating frequency, making measurements at several frequencies should, in principle, provide a way to obtain information about conductivity profiles as a function of depth in layered or non-homogeneous materials. There are basically two ways to apply multiple frequencies to a sample: ( 1) The use of pulsed excitation, or (2) swept-frequency techniques.
Pulsed Eddy Current Measurements
According to Fourier theory a step function contains an infinite nurober of frequencies. Hence, pulsed eddy current techniques have been used successfully in the past to obtain conductivity information from metallic samples as a function of depth. In this work we conducted the study with pulsed eddy currents using finite element simulations. We employed the commercial package, ANSYS 5.2, using axisymmetric transient analysis with first order finite elements.
To study the response of the pulsed eddy current probes to thickness variations, a series of finite element simulations were carried out. The geometry of the computer model for this effort is shown in Figure 1 . Cylindrical samples (radius = 37.5 mm) of varying thickness (0, 1, 2, 3, 4, and 5 mm) of beryllium on a constant 5 mm thick copper layer were studied. The excitation coil modeled was 10 mm long, 5 mm inner radius. and 7.5 mm outer radius with an excitation current of 0.16 N mm 2 . A pick-up sensor located I 0 mm from the excitation coil, to measure the normal component of the magnetic field intensity (Hy) was simulated. Representative measurements are shown in 
Swept Frequency Measurements
Instead of using a pulsed waveform to obtain information at various frequencies, one can also use a sine wave excitation whose frequency varies as a function of time --either continuously (a "chirped" wave) or in discrete steps. In the present work, we used this method to obtain very useful data for conductivity and thickness of layered metallic samples, by measuring inductance, as a function of frequency, of a pancake coil in contact with the samples. Initially this work was carried out using a HewlettPackard 4192A Low Frequency Impedance Analyzer controlled by a PC via a GBIP bus. Subsequently, a dedicated instrument for this measurement was designed and implemented. The swept-frequency setup using the HP-4192A is sketched in Figure 3 . The HP-4192A has a frequency range of 5 Hz to 13 MHz, but most of the data taken in the present work was between 20 Hz and 3 MHz.
The results presented in this section were obtained using the coil whose properties are summarized in Table 1 . In Figure 4 , we show the data from a thin layer of brass on copper. The thickness of the brass sheet was 1.62 mm and that of the copper substratewas 12.7 mm. As one would expect, this layered sample displays brass-like behavior at the higher frequencies and copper-like behavior at the lower frequencies. Qualitatively speaking, we can say that the transition from brass-like behavior to copper-like behavior occurs approximately at the frequency for which the skin depth in the brass is equal to its thickness.
Although there is no simple way to extract quantitative information about the layer thickness and conductivity using data from these techniques, we developed an innovative approach of using NNs to obtain the information. 
NEURAL NETWORKS FOR INVERSION
Traditional methods for inverting eddy current signals to get material information involve iterating with a forward model till the response from the model under the same excitation condition is as close to the measured signal as possible. Although the feasibility of the model-based inversion has been demonstrated [1] , the complexity of such procedures and the computation resources that this technique requires have hampered its widespread acceptance in industry. More recently, fast. feature-based methods using look-up tables have been reported [2] . However the construction of the look-up tableis a tedious process, and requires the selection of a reduced set offeatures to represent the signal. We propose using a NN to solve this inversion problem. Although the use ofNNs for inverting uniform field eddy current data has been demonstrated [3, 4] , this is the first effort to investigate the feasibility of NN inversion ofpulsed eddy current and swept-frequency data for thickness measurements and conductivity profiling of layered metallic samples.
In this project, we used a Radial Basis Function (RBF) network. The RBF network was chosen over the more popular multi-layer perceptron (MLP) network because the RBF network provides a fasttrainingrate (fraction ofthe trainingtime require for an MLP). The fast training rate is particularly attractive for the current application since the NN might require to be periodically retrained when new data becomes available. Also, during the product development, we expect to apply the NN to many different samples for different parameters ( conductivity, number of layers, etc.). The RBF network could have more neurons than an MLP designed for the same task. However, the time required for the inversion during the testing phase ( due to a the larger number ofneurons) is not significantly increased. The following sections describe the performance ofthe RBF network for thickness measurements and conductivity profiling using simulated pulsed eddy current signals and experimental swept-frequency data.
Thickness measurements with simulated pulsed eddy current signals
For thickness measurements, the simulated data for beryllium-copper Jayered samples was used as the input to the NN. The output ofthe NN was a thickness estimate ofthe beryllium Jayer. The performance ofthe NN was evaluated with both noise-free and noisy data.
The data for 0, 1, 2, 4 and 5 mm beryllium (with bottom layer copper thickness fixed at 5 mm) was used for training the NN. This data represent ideal signals derived from the numerical model without any noise. After the training, the same data used in the training and the data for 3 mm berylliumwas input to the NN. The thickness estimates provided by the NN are listed in Table 2 . These results demoostrate that the NN model can accurately determine beryllium thickness from noise-free, pulsed eddy current signals. Even for the sample with 3 mm beryllium, which is not part of the training set, the prediction is accurate to within 1%.
To evaluate the performance ofNNs for practical applications, where noise is significant, normally distributed random noise in the order of milli-Oersteds was added to the noise-free signals derived from the numerical model. The results obtained with the NN trained with the noise-added data from 0, 1, 2, 4 and 5 mm beryllium samples, are shown in Table 3 . Unlike the results listed in Table 2 , the data used for training the NN was not used again during the testing phase. Instead, different noise was added to the data from 0, 1, 2, 4, and 5 mm beryllium samples, and the resultant data was used for testing. These results demoostrate the robustness ofthe NN method in thickness measurement for signals with poor signal-to-noise ratio. Table 2 . Performance ofNN model based on noise-free pulsed eddy current data. Table 3 . Performance of NN model based on noisy pulsed eddy current data.
Conductivity profiling with simulated pulsed eddy current signals For conductivity profiling, the simulated data for beryllium/copper layered samples was used as input to the NN. The output ofthe NN was a ten element vector for the estimated conductivity profile. The performance of the NN was evaluated with both noise-free and noisy data.
When noise-free data was used for both training and testing, the NN estimates the exact profiles. For the sample with 3 mm beryllium (not part of the training set), the conductivity profile estimated by the NN is shown in Figure 5 . These results indicate the feasibility of using NNs for conductivity profiling. With noise-added data the profiling for the sample with 3 mm beryllium thickness (not included in the training set) is shown in Figure 6 . Similar to the case of thickness measurement, the noise added to the training set was different from the noise added to the testing data. A typical example of profiling for the data in the training set is shown in Figure 7 . These results demoostrate the robustness of the NN method in conductivity profiling for signals with poor signal-to-noise ratio. Depth (mm) Figure 5 . Conductivity profiling for noise-free data. Depth (mm) Figure 6 . Profiling from noisy data for the sample with 3-mm beryllium. Thickness measurements with experimental swept-freguency signals
For thickness measurement with swept-frequency data, the experimental data for brass/copper layered samples, was used as input to the NN. The output of the NN was a thickness estimate of the brass layer.
The data for 0, 0.25, 1.62, 4.82 and 12.70 mm brass samples (with the same 12.70 mm copper substrate) was used for training. The thickness estimate from the trained NN are listed in Table 4 . These results demoostrate that the NN model can accurately determine brass thickness from experimental swept-frequency data. Even for the sample with 2.36 mm beryllium, which was not part of the training set, the prediction is very accurate.
CONCLUSIONS
In summary, this study shows good promise for the use of NN inversion of pulsed eddy current and swept-frequency data for thickness measurements and conductivity profiling of layered metallic samples. The examples presented in this paper are two layer metallic samples (conductivity fixed for each layer) with varying thickness of the top-layer only. The method can be tailored for a wide range of industrial applications by providing respective training data. Future directions include studying variations in both conductivity and thickness. The training data in this case needs to include signals from a series of thickness variations for a range of conductivity variations. Another area of future research is to study feature extraction techniques to enhance the NN performance.
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